To improve carbodiimide-based immunohistochemistry, carbodiimide-mediated coupling of radiolabeled N-acetylaspartylglutamate (NAAG) to bovine serum albumin was assayed in vitro. Various perfusion protocols, based on assay results, were tested for their ability to improve the immunohistochemical localization of two nervous system-pitic molecules, NAAG and N-acetylaspartate (NAA) in the spinal cord, medulla, hippocampus, and cerebral cortex of the rat. Coupling of [3H]-NAAG to BSA in vitro was optimal with 100 mM carbodiimide and 1 mM N-hydroxysuccinimide in water at 37°C. Optimal furation of tissue was defined as permitting the identification of the NAAG and NAA in neuronal somata, dendritic arborizations, fine axons, and synaptic terminals with minimal diffuse background immunoreactivity. These conditions were obtained at 37°C with 6% carbodiimide, 1 mhi N-hydroxysu&imide, and 5%
Introduction
Small-molecule immunohistochemistry relies on a cross-linking reagent for both antigen production and tissue fixation. Carbodiimides are a class of cross-linking reagents used extensively to couple haptens to carriers for the purpose of antigen production (Wong, 1991; Bauminger and Wilchek, 1980) . However, carbodiimides have been used only occasionally to fix tissue for immunohistochemistry. In the nervous system, for example, immunohistochemistry of amino acids and other small molecules has been accomplished predominantly by utilizing formaldehyde (e.g., de Vente et al., 1987; Verhofstad et al., 1980; Steinbusch et al., 1978) or glutaraldehyde (e.g., Campistron et al., 1986; Geffard et al., 1984; Ottersen and Storm-Mathisen, 1984; Storm-Mathisen et al., 1983) as fixative reagents. Glutaraldehyde has proven to be the most suitable fixative for ultrastructural immunocytochemistry of amino acids and other amine containing compounds in the nervous system (Cardozo et al., 1991; Montero and Wenthold, 1989; Yingcharoen et al., 1989; Ottersen, 1987; Somogyi et al., 1986) . Early studies on carbodiimide fixation produced good immunohistochemical results, but tissue preservation was somewhat inferior to glutaraldehyde (Willingham and Yamada, 1979; Pol& et d., 1972; Kendall et al., 1971) .
Carbodiimides act by forming amine bonds between carboxyl groups and primary amines (Bauminger and Wilchek, 1980) , permitting the coupling of molecules containing either functional group to proteins. This distinguishes them from glutaraldehyde, which intercalates between two amine groups and therefore can couple only primary amine-containing molecules to proteins. Despite the advantage of greater versatility, carbodiimides have not been investigated adequately as fixatives for immunohistochemistry.
Water-soluble carbodiimides are relatively efficient coupling reagents in aqueous solutions but typically suffer from high rates of hydrolysis, which can limit their effectiveness by reducing coupling yields (Staros et al., 1986) . The presence of phosphates or strong nucleophiles has been reported to greatly increase carbodiimide hydrolysis (Gilles et al., 1990) , suggesting that the phosphate buffers typically used for previous carbodiimide fixations may have been a problem (e.g., Moffett et al., 1989; Panula et al., 1988; Ory-Lavollee et al., 1987; Tieman et al., 1987; Polak et al., 1972; Kendall et al., 1971) . The ability of compounds such as N-hydroxysuccinimide (NHS) to overcome some of the non-productive hydrolysis by stabilizing active intermediates has been exploited to increase coupling yields in the production of hapten-carrier conjugates (Staros et al., 1986; Bauminger et al., 1973) . In light of these data, an analysis of factors affecting carbodiimide mediated tissue fixation was undertaken to ascertain the optimal conditions for immunohistochemistry of small molecules.
Small N-acetylated molecules that do not contain primary amine groups are very prevalent in the central nervous system (Miyake et al., 1981; Miyamoto et al., 1966) . The first attempts at localizing the neuronal dipeptide N-acetylaspartylglutamate (NAAG) by the carbodiimide fixation method were generally successful, but the application was hampered by high background staining and generally poor fiber labeling Anderson et al., 1986) . Similar difficulties were encountered when carbodiimide-based immunohistochemical techniques were applied to the neuronal localization of N-acetylaspartate (NAA), the most prevalent acetylated compound in the brain (Moffett et al., 1991a) . In this report we describe the results of initial studies on the enhancement of carbodiimide-mediated tissue fixation and their application to immunohistochemistry of NAAG and NAA.
Materials and Methods
The water-soluble carbodiimide used in this study was l-ethyl-3(3-dimethylaminopropyl) carbodiimide hydrochloride. All reagents were purchased from Sigma (St Louis, MO) except where noted. Solutions were prepared with purified deionized water. The affinity purification of antibodies to NAAG and NAA, their characteristics, and the methods used for immunohistochemistry have been described previously (Williamson et al., 1991; Moffett et al., 1989 Moffett et al., ,1990 Moffett et al., ,1991a .
Radioligand Coupling Assays. The in vitro coupling assays were performed with 1 nM [3H]-NAAG (47.3 Cilmmol) (New England Nuclear; Boston, MA) and crystalline grade bovine serum albumin (BSA). In some assays, [3H]-aspartate was used at a concentration of 2 nM (22.8 Cilmmol) (New England Nuclear). Assays were performed in Eppendorfreaction tubes in triplicate samples with final volumes of approximately 1 ml. The standard reaction conditions were 1 mglml BSA, 100 mM carbodiimide. 1 nM 13H]-NAAG, 100 pM NAAG, and 1 mM NHS in 0.9% NaCI. These conditions were varied as follows in some experiments.
The buffers tested for possible inhibition of the coupling reaction were MES, Na2HP04-HC1, %is-HCI, and sodium acetate. Buffers were adjusted to pH 6.5 with NaOH and HCI and were serially diluted with 0.9% NaCl from a starting concentration of 50 mM. The NHS concentration effect was tested in 0.9% NaCl without pH adjustment. A sulfate derivative of NHS, N-hydroxysulfosuccinimide (sulfo-NHS) (Pierce Chemical; Rockford, IL) also was tested for its capacity to enhance the carbodiimide-mediated reaction (Staros et al., 1986 ). An additional assay was performed to compare the ability of NHS to enhance the coupling of [3H]-aspartate (2 nM; 22.8 Cilmmol) or [3H]-NAAG (1 nM; 47.3 Cilmmol) to BSA. The quantity of I3H]-NAAG coupled to BSA was also assessed in the presence of increasing amounts d 2 5 % Grade 1 glutaraldehyde. Standard reaction conditions were employed, with the addition of 100 pM glutamate. Glutamate was added to this assay to provide a source of free amines to partici-pate in the glutaraldehyde reaction, since the amine group on NAAG is blocked by acetylation.
After the addition of all reagents, the tubes were shaken and incubated for 1 hr at 37°C in a water bath. The reactions were stopped by the addition of TCA to a final concentration of 10%. To remove uncoupled radiolabel, reaction mixtures were filtered through Whatman GFlB filters and washed three times with 2 ml of cold ethanol. The amount of radiolabel coupled to BSA and retained on the filter disks was determined by liquid scintillation spectroscopy.
Perfusions and Tissue Preparation. Sixteen albino rats weighing 150-200 g were perfused with different protocols. Rats were deeply anesthetized with sodium pentobarbital before transcardial perfusion with 200-500 ml of various couplinglfixative solutions. Carbodiimide concentrations tested were 2%, 4%, 5%, and 6%. N-hydroxysuccinimide concentrations of 1 mM, 2 mM, 5 mM, 10 mM, and 20 mM were tested, as were concentrations of 1%, 2%, and 5% dimethylsulfoxide (DMSO). Room temperature and 37°C perfusion solutions also were compared. Phosphate-buffered saline-based perfusions done under previously reported conditions (Moffett et al., 1989) were compared with perfusions done with solutions prepared in 10 mM MES (2-[N-morpholino]ethanesulfonic acid, pH 6.5), 2 mM Na2HC03 (pH 6.2), saline, or water. Solutions containing carbodiimide and DMSO were highly caustic, requiring caution to avoid skin contact and inhalation of the vapor during animal perfusions and tissue extraction.
The tissue that was used for all photomicrographs was taken from an animal prepared as follows. A solution of 400 ml purified water containing 6% carbodiimide, 5 % DMSO, and 1 mM NHS was filtered through a 0.8pm filter and heated to 37°C in a water bath. The perfusion apparatus consisted of a reservoir in a water bath connected by 5/16-inch tygon tubing to a peristaltic pump. The system was filled with the fixative solution and circulated with both tubing ends in the reservoir to exclude all air bubbles. After anesthetization, the rat was immediately perfused transcardially with 400 ml of the fixative solution at a flow rat of approximately 50 ml/min. The brain, upper spinal cord, and eyes were removed within 10 min after the end of the perfusion and post-fixed for 48 hr in 4% formaldehyde in PBS at pH 8.
Carbodiimide post-fixations were tested with various immersion times ranging from 15 min to 16 hr, followed by standard post-fixations. Standard post-fixations were done in 4% formaldehyde in pH 8 PBS for 48 hr. After post-fixation, the tissue was saturated serially in lo%, 20%, and 30% sucrose in PBS. pH 8, containing 1% formaldehyde. Tissue was coated in OCT compound, pre-cooled to O'C, frozen with compressed gas, and sectioned at a thickness of 20 pm with a Bright cryostat at a temperature of -2o'C. Sections were placed in 2% normal goat serum in PBS, pH 7.4. containing 0.1% sodium azide for at least 30 min at room temperature before incubation with primary antibodies. Polyclonal antibodies to NAAG and NAA were affinity-purified and applied to tissue at final concentrations of 1:400 and 1:3000 as previously described (Williamson et al., 1991; Moffett et al., 1989 Moffett et al., ,1991a . Sections were processed free-floating at room temperature by the peroxidase-labeled avidin-biotin complex method (Elite Vectastain; Vector Labs, Burlingame, CA) and developed with H202 as substrate and diaminobenzidine as chromogen.
Results

Effect of Selected Buffers
The efficiency of coupling [3H]-NAAG to BSA was tested in 0.9% saline with MES, phosphate, Tris, and acetate at pH 6.5 ( Figure  1 ). A 75% decrease in coupled radioactivity occurred at 5 mM sodium acetate relative to 0.9% sodium chloride. Sodium phosphate buffer at the same concentration decreased coupling of [ 3H]- NAAG by over 50%. At a low concentration (5 mM), Tris buffer had little effect on coupling efficiency, but at a concentration of 20 mM coupling was reduced by over 50%. MES buffer reduced coupling by over 40% at a concentration of 5 mM, but failed to reduce the coupling efficiency beyond 50% at ten times that concentration.
N-Hydroxysuccinimide Concentration
NHS and sulfo-NHS increased carbodiimide-mediated coupling of [3H]-NAAG in a concentration-dependent manner, with a narrow optimal concentration range for both compounds (Figure 2A) . The maximal effect for enhancing the coupling reaction with [3H]-NAAG was observed at approximately 1 mM NHS and 500 pM sulfo-NHS. The maximal coupling of [ 3H]-aspartate to BSA with carbodiimide was obtained with 1.5 mM NHS ( Figure 2B ).
Carbodiimide Concentration
Maximal coupling of radiolabeled NAAG to BSA was observed with a 100 mM concentration of carbodiimide, with slight inhibition noted at higher concentrations ( Figure 3 ).
Temperature Effect on the Time Course of CoupZing
A strong temperature effect was observed with the coupling reaction (Figure 4) . A rapid rise in [3H]-NAAG coupling was observed at 37°C over the first hour of the reaction, whereas a distinctly slower rise was seen at room temperature. At 40 min, approximately 15 % of the radiolabel had been coupled to BSA at 37"C, whereas 1% was coupled at room temperature. The reaction attained a coupling level of 20% by 90 min at 37"C, whereas at room temperature about 4.5% of the radioligand had been coupled.
Effect of p H on the Coupling Reaction
The effect of pH was tested in 40 mM MES, Tris-HC1, sodium acetate, and sodium phosphate ( Figure 5 ). MES buffer exhibited a relatively strong pH effect, with maximal [3H]-NAAG coupling occurring at about pH 6 and inhibition of near 50% occurring at pH 4 and pH 8. Tris buffer exhibited no pH effect between pH 4 and pH 6, where it has little buffering capacity, but strong inhi- bition of coupling was observed at neutral and basic values. Coupling efficiencies were substantially reduced in phosphate and acetate over the range tested. mate. A concentration of 0.5% glutaraldehyde reduced the coupling by greater than 70% during the 1-hr incubation ( Figure 6 ).
Interference Between Carbodiimide and Glutaraldehy de Coupling
Immunohistochemistry
The relative efficacies of different perfusion protocols and fixative solutions were assessed by cresyl violet histology and NAAG and NAA immunohistochemistry of rat brain tissue. Stained sections from representative areas of each brain were compared visually for degree of tissue preservation and the amount and clarity of im- munoreactivity. The degree of tissue preservation was assessed at the light microscopic level in cresyl violet and immunostained material by examination of such characteristics as detail in cell morphology, vacuole formation, and tissue shrinkage. The criteria used to evaluate immunostaining characteristics were (a) level of nonspecific or background immunoreactivity, (b) degree of dendrite and neurite staining, (c) uniformity of immunoreactivity, (d) formation of edge artifacts, and (e) distinctness of staining in neuronal elements, including degree of exclusion from cell nuclei and clarity of synaptic terminal zones.
The results obtained in the radiolabel coupling assays described above paralleled those observed for the improvement of NAAG and NAA immunohistochemistry. By replacing the phosphate buffer used in perfusions with 0.9% saline, the immunohistochemistry was significantly improved, mainly by increasing the signal relative to background. Results with MES buffer (10 mM, pH 6.5) and 5 mM NHS were similar to those with saline alone, perhaps due to counteracting effects of NHS and buffer. A marked improvement in the immunohistochemical results, including increased signal, improved cellular and dendritic staining, and better fiber labeling, was noted when the temperature of the perfusion medium was raised to 37°C. Very good results were obtained by incorporating conditions that optimized in vitro coupling, including increased temperature, lack of buffer, and the addition of 1-2 mM NHS. Under these conditions, improvements were observed in all staining characteristics except for uniformity of staining (e.g., in cerebellum) and small fiber labeling.
The point of saturation for the concentration effect of carbodiimide in vitro was 100 mM or approximately 2%. However, it was clear that this level was insufficient for coupling in tissue, since very low immunohistochemical signals were observed after perfusions with this concentration. A large increase in signal was noted at 4% carbodiimide, and perfusions with 5% carbodiimide resulted in a further enhancement of immunostaining. Modest additional improvements in NAAG and NAA immunoreactivity signals were observed at 6% carbodiimide, but at this concentration tissue shrinkage became more noticeable. The maintenance of a relatively high flow rate of fixative during perfusions (40-50 ml/min) with a sufficient volume (approximately 400 ml) was necessary for optimal fixations. High flow rates in conjunction with larger volumes of more concentrated fixative yielded significantly greater signals and more uniform staining than those in which an attempt was made to conserve carbodiimide by reducing volume, concentration, or flow rate. The addition of 1 mM NHS improved the immunohistochemical signal, but higher levels had no further effect on staining intensity. The elimination of carbodiimide post-fixations reduced edge artifacts, which were significantly more pronounced in NAA-stained material than in NAAG-stained sections. The best post-fixation was obtained without carbodiimide, using the standard post-fixation solution alone, i.e., 4% formaldehyde in pH 8 PBS for 48 hr at room temperature.
DMSO in the perfusion medium greatly improved dendritic and axonal immunostaining, particularly in the case of NAAG immunoreactivity. Areas of the brain that contain high proportions of white matter, such as central cerebellum, exhibited low immunostaining intensities and very poor axonal immunoreactivity when DMSO was not used. Addition of 1% DMSO to the perfusion medium resulted in more uniform staining and greatly improved fiber immunoreactivity in the central cerebellum. Addition of 2% DMSO further improved the staining in the central white matter, as evidenced by greater staining intensities in NAAG-positive fibers. At 5 % DMSO, uniform staining was observed throughout the cerebellum, and great detail, not previously apparent, was observed in NAAG-immunoreactive fibers throughout the central white matter.
Shrinkage of the tissue was observed with a perfusion medium containing 0.9% saline, 5% carbodiimide, and 1% DMSO, as indicated by enlarged ventricles and blood vessels. Removing the sodium chloride from the perfusion medium reduced the ventricular and blood vessel swelling but did not eliminate it. High concentrations of carbodiimide and DMSO (6% and 5 % , respectively) provided the best immunohistochemical staining characteristics in all categories but resulted in significant, yet not excessive, tissue shrinkage. Stained tissue sections used for all photomicrography were derived from an animal perfused with 400 ml of a fmtive solution composed of 6% carbodiimide, 5% DMSO, and 1 mM NHS at 37"C, without buffer or NaCI.
NAAG Immunohistochemistry
Improvements observed in NAAG staining characteristics included much more highly discrete immunoreactivity in either cell somata, punctate neuropil elements, or distinct dendritic and axonal fibers. Neuronal immunoreactivity was both punctate and opaque within the cytoplasm, was completely excluded from cell nuclei, and extended into much finer dendritic branches than with older methods. Improved immunohistochemical signals permitted the use of reduced primary antibody concentrations, resulting in extremely low background staining. Most notable among the improvements was the appearance of many NAAG-immunoreactive axonal fibers throughout the nervous system which had not been observed previously. Axonal bundles could be observed leaving all NAAGimmunoreactive cell groups and could be followed through multiple sections to their destinations, where characteristic terminal patterns were observed on postsynaptic neurons.
In the cervical spinal cord, the majority of neurons in Layers 111-X were immunoreactive for NAAG ( Figure 7A ). Bundles of largediameter dorsal root fibers could be clearly traced into the dorsal horn ( Figure 7C ), and extensive punctate immunoreactivity was observed in Layers 111-X of the spinal gray matter. An earlier study had demonstrated that a population of large dorsal root ganglion cells was NAAG immunoreactive, but with the perfusion protocol utilized, their neurites could not be identified entering the spinal gray . In the present study, very little NAAG immunoreactivity, other than that in large dorsal root afferents, was observed in Layer I1 of the dorsal horn, where high levels of diffuse immunoreactivity had been observed with the previous methods. The lack of punctate NAAG immunoreactivity in the neuropil of Layer I1 is consistent with NAAG staining being restricted to the population of large dorsal root ganglion cells.
In the medulla, most or all of the cells in the dorsal column nuclei were strongly stained for NAAG ( Figure 7E ). Second-order somatosensory fibers originating from the gracile and cuneate nuclei, comprising the medial lemniscus, were also highly im- Figure 7G ). Many reticular neurons throughout the medulla were strongly immunoreactive for NAAG.
In cortical structures, interneurons were the predominant NAAG-stained elements. In cerebral cortex, apparent interneurons in Layers 11-VI were immunoreactive for NAAG ( Figure 8A ). Few or no cortical pyramidal neurons were immunoreactive for NAAG in the rat ( Figure 8C ). However, scattered pyramidal-like neurons were NAAG positive in retrosplenial cortex ( Figure 8G ). Granule cells in retrosplenial granular cortex were not NAAG immunoreactive, but intense fiber and neuropil staining was observed in Layer I which was not seen in any other cortical area.
In the hippocampus, NAAG immunoreactivity was also confined to interneurons throughout all layers and regions (Figure 9 ). Some of the NAAG labeled neurons were large, with extensive dendritic arborizations ( Figure 9C ).
NAA Immunohistochemzstry
Improvements in neuronal NAA immunoreactivity included greater signal, more distinct perikaryal staining which extended into dendrites, and increased labeling of fiber pathways. Individual axonal labeling was less clear with NAA immunoreactivity than with NAAG immunoreactivity, but NAA staining was apparent in many fiber pathways. In much of the brainstem and spinal cord NAAG and NAA immunoreactivities were coincident, but there were many differences. In the rat forebrain, consistent differences in the two immunoreactivities were observed, with NAAG localized to interneurons in all cortical layers and NAA observed most intensely in cortical pyramidal cells.
In the spinal cord, NAA immunoreactivity was observed in the majority of neurons, with a cellular distribution similar to that of NAAG ( Figure 7B ). However, the cells and neuropil in Layer I1 of the dorsal horn were NAA immunoreactive ( Figure 7D ), as contrasted with NAAG immunoreactivity in this layer, which was confined to large-diameter afferents from the dorsal root ganglia (Figure 7C) .
NAA immunoreactivity neurons in the medulla were less numerous than those that were NAAG immunoreactive (see Figures 7G  and 7H ). Some cell groups, such as the nucleus of the solitary tract, were immunoreactive for NAA ( Figure 7F ) but showed little NAAG immunoreactivity ( Figure 7E ). Consistent with differences in forebrain and hindbrain distributions of NAAG and NAA, the patterns of fiber tract labeling for these compounds often were not coincident. In rat medulla and spinal cord, for example, the pyramidal and solitary tracts were immunoreactive for NAA ( Figures  7B, 7F , and 7H) but lacked NAAG immunoreactivity (Figures 7A,   7E , and 7G). As was the case with NAAG, the cells of origin for the medial lemniscus, residing in the dorsal column nuclei, were highly immunoreactive for NAA ( Figure 7F ). The medial lemniscus was immunoreactive for both NAAG and NAA, with the NAAG immunoreactivity being substantially more pronounced.
In contrast to the situation with NAAG immunoreactivity, pyramidal neurons in all cortical areas were moderately to strongly immunoreactive for NAA (Figure 8 ). This finding is in agreement with the observation of NAA immunoreactivity in the corticospinal tracts, which were seen to lack NAAG staining. The highest levels of NAA immunoreactivity in cerebral cortex were observed in neurons of Layer V ( Figure 8D ) and Layer 11. Moderately immunoreactive neurons were found throughout all layers of cerebral cortex. In retrosplenial cortex, both pyramidal cells and granule cells were strongly stained for NAA ( Figure 8H) .
NAA immunoreactivity in the hippocampus was present most notably in pyramidal neurons in all regions (Figure 9 ). The pyramidal cells of CA1 were among the most immunoreactive cells of the hippocampus. Pyramidal cells in CA2-CA4 were moderately immunoreactive for NAA. The polymorphic cells of the dentate gyrus were also strongly stained for NAA. Some NAA immunoreactivity was observed in hippocampal granule cells ( Figure 9B ).
Discussion
Carbodiimide fixation has been applied to the immunohistochemistry of very few small molecules. The immunohistochemical localization of histamine in brain tissue is one reported example (Panula et al., 1988) . In that application, several different fixative solutions were perfused to compare their ability to improve histamine immunoreactivity. It was found that carbodiimide, in the absence of other fixatives (e.g., formaldehyde), gave the best results. Similar findings were reported in an examination of NAAG immunoreactivity in the extrapyramidal system, in which it was found that carbodiimide perfusions alone gave Letter results than mixed fixative perfusions (Moffett et al., 1989) . However, carbodiimide immunohistochemistry of glutamylglutamate in the nervous system was reported to be optimal only when a mixed fixation with carbodiimide and paraformaldehyde or glutaraldehyde was used (Madl et al., 1986) . The earliest reported examination of carbodiimide fixation for electron microscopy tested various concentrations of carbodiimide and various fixation times (Polak et al., 1972) . The best results were obtained with immersion in 10% carbodiimide for 1 hr. Other than these examples, no investigations have been made into the variables affecting carbodiimide-mediated tissue fixation. In the present study, several factors were found to be important in maximizing the coupling efficiency ofthe carbodhide-mediated reaction in vitro. The effects of certain buffers on the reaction, especially phosphate and acetate, were quite pronounced. The effect of some anions, such as phosphate, on the half-life of carbodiimide in aqueous solution has been reported by Gilles et al. (1990) . These authors found that halide anions had no effect on the stability of carbodiimide in aqueous solution but that phosphates and strong nucleophiles drastically reduced the half-life of carbodiimide. Our results suggest that avoiding common buffers completely is preferable. Perfusions with all buffers tested reduced immunohistochemical staining intensity in a concentration-dependent manner. Tris-HC1 at 5 mM and pH 6 was the least inhibitory buffer on the coupling reaction among those tested. In general, two types of buffers will reduce coupling yields due to their constituent functional groups. Buffers containing amine groups can complex with carbodiimide-activated carboxyls, and buffers with carboxyl groups, such as acetate, can compete for carbodiimide activation, thus reducing coupling efficiency.
The mechanism of action of carbodiimides involves formation of 0-acylisourea derivatives between carboxyl groups and the carbodiimide (Caraway and Koshland, 1972; Kurzer and Douraghi-Zadeh, 1967) . In the absence of available amino groups, the activated carboxyl group undergoes spontaneous hydrolysis to re-form the original carboxyl and an N-substituted urea. However, active N-hydroxysuccinimidyl esters are formed when the 0-acylisourea derivatives interact with NHS, and the active esters thus formed are more resistant to hydrolysis (Garbarek and Gergely, 1990) . The activated esters then readily undergo substitution reactions with primary amines, thus enhancing coupling yields. The use of NHS to improve coupling with carbodhide-mediated reactions has been reported for the production of antibodies to prostaglandins (Bauminger et al., 1973) . Enhancement of carbodiimide-mediated reactions by sulfo-NHS was reported by Staros et al. (1986) . We chose to use NHS instead of sulfo-NHS because we anticipated that the highly charged sulfo form would not cross cell membranes as readily as NHS. In addition, under the described conditions in vitro, NHS was found to have a greater maximal effect on coupling than sulfo-NHS.
The concentration of carbodiimide found to be optimal for in vitro coupling was 100 mM. The concentration used in perfusions was typically 5%. or approximately 260 mM. This higher level was determined empirically to provide a significantly greater immunohistochemical signal for NAAG and NAA. These findings suggest an accelerated rate of loss of carbodiimide in tissue as compared with in vitro conditions, perhaps due in part to in vivo buffer conditions, pH, and the presence of high concentrations of small molecules with amine and carboxyl groups. Although NHS improved carbodiimide-mediated fixation, apparently by reducing nonproductive hydrolysis, this was not sufficient to permit the use of lower concentrations of carbodiimide.
Previous reports noting the poor to moderate effectiveness of carbodiimide-mediated tissue fixations may have been the result of the reduction in reaction rate observed at lower temperatures, in conjunction with the inhibitory effect of buffers, such as phosphate. The majority of the published methods on carbodiimide fixation were performed in phosphate buffer between 10 and 100 mM, at a pH of 7.1-7.4, at room temperature or 4°C (e.g., Moffett et al., 1989; Panula et al., 1988; Ory-Lavollte et al., 1987; Tieman et al., 1987; Polak et al., 1972; Kendall et al., 1971) . As shown in Figures 1 and 5 , phosphate buffer at neutral or basic pH values interferes strongly with the coupling reaction. In the present study, the temperature of the reaction mixture was also found to be important for achieving high signals with short fixation times. Minimal diffusion of small molecules during fixation is essential for their discrete localization by immunohistochemistry. Therefore, a rapid and efficient coupling reaction is necessary. It is clear from the above results that more rapid coupling is effected at higher reaction temperatures (see Figure 4 ). Many tissue fixations or perfusions are done with solutions kept cold (e.g., 4°C). The reason for lowering the temperature of the fixation medium is to reduce autolytic processes within tissues. However, it is likely that a similar reduction in enzymatic and other processes is as rapidly effected at 37°C by carbodiimide-mediated cross-linking and/or carboxyl group modification (Bjerrum et al., 1989) . Arguing against the use of higher perfusion temperatures are reports of the increased tendency of the carbodiimide reaction to generate acyl urea side products, rather than producing amide bonds, at higher reaction temperatures (Bauminger and Wikhek, 1980) . However, in the presence of excess carbodiimide and available amine groups, amide bond formation can be driven to near completion (Carraway and Koshland, 1972) .
Interference with the carbodiimide coup!ing reaction by glutaraldehyde was strong even at low concentrations. Presumably, this occurred because protein amine groups were consumed rapidly by the glutaraldehyde reaction through the coupling of glutamate present in solution or the cross-linking of amine groups within the protein. This problem may well be exacerbated by in vivo conditions in which high concentrations of free amino acids could participate in amine linkages with proteins, thus consuming the available coupling sites on the proteins.
Penetration of the reaction mixture into the tissue from the capillary bed was a significant problem in the absence of DMSO, especially in cerebellum, brainstem, and thalamus. Decreased flow rates often were observed soon after the initiation of perfusions, suggesting that protein cross-linking within the vasculature and tissue further exacerbated penetration problems (see Willingham and Yamada, 1979) . Addition of 1% DMSO to a solution of 5% carbodiimide in 0.9% saline resulted in very good fixation and staining in brain but caused excessive shrinkage of the tissue. Addition of 5 % DMSO to a 6% carbodiimide solution without saline or buffer resulted in thorough penetration and produced even better immunohistochemical results, with excellent fiber labeling, at the expense of moderate tissue shrinkage.
In previous studies, NAAG immunoreactivity was identified in neuronal cell bodies, dendrites, axons, and putative terminal fields in tissue fixed with carbodiimide under conditions that were clearly less than optimal in terms of coupling efficiency (Williamson et al., 1991; Moffett et al., 1989 Moffett et al., ,1990 Moffett et al., ,1991a . Whereas the immunohistochemical image within neuronal somata was discrete and intense, diffuse NAAG immunoreactivity was observed throughout the nervous system, particularly in regions that received dense terminal projections or that contained fine, possibly unmyelinated axons. Similar results were obtained for NAA immunostaining in the first comparison of NAAG and NAA immunoreactivities in rat brain (Moffett et al., 1991a) . The diffuse immunoreactivity for NAAG has been eliminated, and that for NAA reduced considerably, by the newly developed perfusion protocol. In the case of NAAG immunoreactivity, one of the most striking examples is the clear labeling of spinal sensory axons in the dorsal horn, when previously the dorsal horn displayed strong but diffuse staining in the superficial layers. In hippocampus and cerebral cortex, NAAG immunoreactivity was observed in the fine neurites and extensive dendritic arborizations of the evenly distributed interneurons. The data presented here are in agreement with our original observations on the comparative distributions of NAAG and NAA immunoreactivities in the rat nervous system (Moffett et al., 1991a) . These data demonstrate that elevated levels of NAAG and NAA immunoreactivities are not co-distributed in a consistent manner within neuronal cell groups. In some regions, e.g., medulla, it appears likely that elevated NAA immunostaining is found within a subpopulation of NAAG-containing neurons, yet the total number of NAAG-immunoreactive neurons exceeds those that express NAA immunoreactivity. In cortical structures, it is clear that elevated levels of NAAG and NAA immunoreactivities are found in very different populations of neurons. These data support the hypothesis that NAA is required in high concentrations in many neurons for functions that are unrelated to the biosynthesis of NAAG. Indeed, in the cortex, it seems that the distributions are exclusive, with NAA immunoreactivity being present in principal output neurons and their axons in the pyramidal tracts, whereas NAAG immunostaining is restricted to interneurons. These findings are suggestive of NAA co-localization with excitatory amino acids and NAAG co-localization with GABA in cortical structures. The lack of co-localization of these molecules in the nervous system empha-sizes the need to study the functions of NAA that are unrelated to NAAG metabolism.
